Introduction
T hree-dimensional (3D) scaffolds are commonly used for drug delivery, 1,2 investigation of cell behavior and material studies in the field of tissue engineering. [3] [4] [5] Threedimensional scaffolds are typically porous, biocompatible and biodegradable materials that serve to provide suitable microenvironments, that is, mechanical support, physical, and biochemical stimuli for optimal cell growth and function ( Fig. 1) . [6] [7] [8] [9] The porosity and pore size of 3D scaffolds have direct implications on their functionality during biomedical applications. Open porous and interconnected networks are essential for cell nutrition, proliferation, and migration for tissue vascularization and formation of new tissues (Fig.  2) . 6, 7, 10 A porous surface also serves to facilitate mechanical interlocking between the scaffolds and surrounding tissue to improve the mechanical stability of the implant. 11 In addition, the network structure of the pores assists in guiding and promoting new tissue formation. 9, 12 Materials with high porosity enable effective release of biofactors such as proteins, genes, or cells and provide good substrates for nutrient exchange. However, the mechanical property that is important in maintaining the structural stability of the biomaterial is often compromised as the result of increased porosity. 7 Hence, a balance between the mechanical and mass transport function of the scaffolds should exist for an optimal scaffold system. As a result, the final porosity and pore sizes of the scaffold should be taken into account in accordance to the intended eventual application during scaffold design and fabrication stages. This review is focused on the fabrication of porous 3D scaffolds, the methods for evaluating porosity and pore sizes of 3D constructs, and some of the reported effects of pore size and porosity on cell behavior and overall mechanical properties. A more general overview of the various scaffold fabrication and porosity measurement techniques has been covered in previous reviews.
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Fabrication of 3D Porous Scaffolds
Various techniques have been used for the fabrication of 3D scaffolds. Generally, conventional fabrication techniques such as salt leaching, gas forming, phase separation, and freeze-drying (Fig. 3) do not enable precise control of internal scaffold architecture or the fabrication of complex architectures that could be achieved by rapid prototyping techniques (Fig. 4 ) using computer-aided design (CAD) modeling. 8 These conventional techniques also require good fabrication skills to maintain consistency in scaffold architecture.
Another limitation present is the use of toxic solvents, which may result in cell death if they are not completely removed. 16 Besides, scaffolds fabricated using these traditional processing techniques have compressive moduli at a maximum of 0.4 MPa, which is much lower than hard tissue (10-1500 MPa) or most soft tissues (0.4-350 MPa). 7, 17 Hence, the development of rapid prototyping fabrication techniques enables the fabrication of scaffolds with improved mechanical properties, with moduli ranging from soft to hard tissues. 18, 19 Conversely, rapid prototyping techniques have better design repeatability, part consistency, and control of scaffolds architecture at both micro and macro levels. 16, 20, 21 Although rapid prototyping techniques may have several advantages, some limitations and challenges still remain
FIG. 2.
Scanning electron microscopy (SEM) images of (A, B) porous scaffolds and (C, D) human tissues with interconnected pores. Tissue engineered scaffolds should ideally mimic the porosity, pore size, and function of native human tissues.
FIG. 1.
Images of threedimensional (3D) (A-C) scaffolds, (D, E) hydrogels, and (F) microcarriers of various geometry, size and morphology used in tissue engineering applications. Color images available online at www.liebertpub.com/teb
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LOH AND CHOONG such as the limited number of biomaterials that can be processed by rapid prototyping compared to conventional techniques. 22 Other approaches that mimic the way that tissues are formed in the body, and their nanofibrous structure can be found in modular assembly methods, and electrospinning methods. [23] [24] [25] [26] Alternative approaches to prefabrication of scaffolds prior to cell seeding include cell encapsulation, and the development of tunable scaffolds that have the potential for further modification postimplantation. The advantages and disadvantages of these alternative approaches will also be discussed in this section.
Salt leaching
This method has been commonly used to fabricate scaffolds for tissue engineering applications. 14, 36, 37 4 . Schematic illustrations and images of 3D scaffolds fabricated from rapid prototyping methods: (A) 3D printing, (B) selective laser sintering, (C) stereolithography, and (D) fused deposition modeling. Images adapted and reproduced by permission of Elsevier. [30] [31] [32] [33] [34] [35] Color images available online at www.liebertpub.com/teb method, porogen or salt crystals (e.g., sodium chloride) are placed into a mold and a polymer is then added to fill in the remaining spaces. The polymer is subsequently hardened and the salt is removed via dissolution in a solvent such as water or alcohol. A hardened polymer with pores will be formed once all the salt leaches out. 38 The pore size of the scaffolds can be controlled by the size of porogen used. The porosity and pore size of the scaffold can also be controlled by varying the amount and size of the salt particles respectively. 14 The main advantage of this technique is the use of small amounts of polymer, which minimizes any polymer wastage unlike those methods that require large machinery and produces unused material parts during fabrication such as some of the rapid prototyping techniques. However, the interpore openings and pore shape of scaffolds produced by this method is not controllable.
14 Thus, by combining salt leaching with other scaffold fabrication techniques, it may be possible to create scaffolds with better pore interconnectivity and structure. 39 
Gas forming
In this technique, gas is used as a porogen. 40 Solid discs of polymers such as polyglycolide and poly-L-lactide are first formed by compression molding at high temperatures prior to the application of high-pressure carbon dioxide gas through the discs for a few days before reducing the pressure back to atmospheric level. 41 The main advantage of using this method is the elimination of the use of harsh chemical solvents, thus removing the leaching step from the fabrication process, which subsequently reduces the overall fabrication time. However, it is difficult to ensure pore connectivity and control of the pore sizes by gas forming. 42, 43 Further, the application of high temperatures during disc formation also prohibits the use of bioactive molecules in the scaffolds. 44 With this gas forming technique, scaffolds with porosity up to 93% and pore sizes up to 100 mm can be fabricated. 44 
Phase separation
In general, a polymer is first dissolved in a suitable solvent and subsequently placed in a mold that will be rapidly cooled until the solvent freezes. The solvent is then removed by freeze-drying and pores will be left behind in the polymer. This method also does not necessitate an extra leaching step, but the addition of organic solvents such as ethanol or methanol inhibits the incorporation of bioactive molecules or cells during scaffold fabrication. In addition, the small pore sizes obtained is another limiting factor of scaffolds fabricated by phase separation.
14,44 Different types of phase separation techniques available include thermally-induced, solid-liquid, and liquid-liquid phase separation.
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Freeze-drying
When materials are freeze-dried, the frozen water is sublimated directly into the gas phase, which results in pore formation. 48 This method was first used by Whang et al. to fabricate PLGA scaffolds. 49 The porosity and pore sizes of the scaffolds fabricated are largely dependent on the parameters such as ratio of water to polymer solution and viscosity of the emulsion. 44 The pore structure of the scaffolds can be controlled by varying the freezing temperature. 50 The advantages of this process are the elimination of several rinsing steps since dispersed water and polymer solvents can be removed directly. 49 Moreover, polymer solutions can be used directly, instead of the need to cross-link any monomers. However, the freeze-drying process should be controlled to reduce heterogeneous freezing to increase scaffold homogeneity.
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3D printing
Three-dimensional printing involves the laying down of successive layers of material to form 3D models, thus enabling better control of pore sizes, pore morphology, and porosity of matrix as compared with other fabrication methods. 7, 51 In general, the binder solution is added onto the powder bed from an ''inkjet'' print head. A 2D layer will be printed and a new layer of powder will be laid down subsequently. The process repeats and the layers will merge when fresh binder solution is deposited each time. The finished component will be removed and any unbound powder will be left behind. This technique allows more complex 3D shapes with high resolution and controlled internal structures to be fabricated. 52 There are two types of pores fabricated by this process, that is, pore by design and pore by process. However, only a limited number of polymers can be fabricated using this method given the high temperatures involved in this method. In addition, ceramic scaffolds obtained by this method have better mechanical strengths, but require a second sintering process at high temperatures to improve on the brittle toughness. Moreover, preprocessing of base biomaterials is necessary as they are usually not in powdered form.
53,54
Selective laser sintering
In the selective laser sintering (SLS) process, regions on the powder bed are fused layer by layer using a computer controlled laser beam to form a 3D solid mass. [55] [56] [57] Due to the stepwise addition of materials, SLS enables the construction of scaffolds with complex geometries. Moreover, any powdered biomaterial that will fuse but not decompose under a laser beam can be used in this fabrication process. SLS is fast, cost effective and does not require the use of any organic solvents. 58 However, the elevated temperatures needed require high local energy input. In addition, degradation of the material, for example, chain scission, cross-linking, and oxidation processes may occur due to exposure to the laser beam.
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Stereolithography This is one of the earliest rapid prototyping techniques and it involves the use of ultraviolet laser to polymerize liquid ultraviolet curable photopolymer resin layer-by-layer, which then solidifies to form a 3D model. 60 The excess resin will be drained after the complete model is raised out of the vat for curing in an oven. This rapid prototyping technique allows quick fabrication of materials with a wide variety of shapes. The resolution of each layer is dependent on the resolution of the elevator layer and the spot size of the laser. 61 However, due to the application of additional curing step to improve the model's property, the final resolution is 
Fused deposition modeling
In fused deposition modeling, a small temperature controlled extruder is used to allow thermoplastic material to be deposited onto a platform in a layer by layer manner to form a 3D material. [64] [65] [66] The base platform will be lowered at the end of each layer so that subsequent layers can then be added onto them. Like the other rapid prototyping methods, fused deposition modeling makes use of computer generated solid or surface models to enable precise deposition of thin layers of the semi-molten polymer. However, the disadvantage of this method is the use of elevated temperatures, which limits the type of biomaterials that can be used.
Electrospinning
During solution electrospinning, a voltage is applied to generate a potential difference between a polymeric solution and a collecting target. 67, 68 A polymeric jet of fluid will be ejected from a spinneret or tip of a capillary when the surface tension of the fluid is overcomed by the electrical charges. The macromolecular entanglements present in the polymeric solution will cause the fluid jet to be drawn toward the collector as it does not go through Rayleigh instabilities, that is, formation of droplets due to breaking up of the fluid jet. 67 As the fluid jet approaches the collector, twisting occurs due to the presence of higher surface charge density. Ultimately, a mesh of electrospun fibers will be collected. The diameter of each fiber can be controlled by altering the concentration and flow rate of the polymer solution, and varying the distance between the needle and collector. 68, 69 Pham et al. showed that the average pore size of electrospun scaffolds increased with increasing fiber diameter. 70 Some advantages of electrospun scaffolds include the presence of high surface area for cell attachment and high porosity to facilitate nutrient and waste exchange. [71] [72] [73] Solution electrospinning is also a simple and inexpensive scaffold fabrication technique, and a wide range of polymeric solutions can be used to fabricate the scaffolds. However, the main disadvantage of electrospinning is the involvement of toxic organic solvents during fabrication, which can be harmful to cells. 74 Thus, melt electrospinning, which does not involve the use of organic solvents, is an alternative to solution electrospinning. 75, 76 In melt electrospinning, the polymer is heated with an electric heater or CO 2 laser above its melting or glass transition temperature. 77, 78 However, as polymer melts have lower charge density and are more viscous than its solution, fibers obtained from melt electrospinning process are thicker than those fabricated from solution electrospinning. 75, 79 Cell encapsulation
Instead of prefabricating porous scaffolds and culturing cells on them subsequently, an alternative is to incorporate cells during the scaffold fabrication process. Cell encapsulation, involving entrapping cells inside a material, has been commonly used to protect cells from the immune system. 80 Generally, cells are mixed with the encapsulation material before gelation occurs. Hence, the encapsulation material and gelation process need to be cytocompatible. 81 Reviews by Hunt & Grover and Nicodemus & Bryant discussed some of the materials commonly used for cell encapsulation. 82, 83 Using this method, cells can either be individually encapsulated or a fixed number of cells can be enclosed in a certain volume of material, in spherical or fiber forms. [84] [85] [86] Currently, the main limitation of cell encapsulation is the balance between appropriate diffusion coefficient for the transport of oxygen and nutrients to the cells and to the retention of immunoprotective properties. 87 However, it has been shown by our group and others that processing conditions, the use of a coating layer, can play a role in modifying the porosity or permeability of the encapsulation material. [88] [89] [90] Others have used superporous hydrogels (SPHs) instead of nonporous hydrogels (NPHs) as their encapsulation material to facilitate more favorable diffusion properties. 42 SPHs have an internal pore architecture that allow cell attachment and proliferation following cell seeding. Conversely, if cells were seeded onto the NPHs, they will only attach onto the surface due to the absence of an internal pore architecture. For cell encapsulation, cells will generally spread throughout the NPHs, but will only be present inside the interpore connections for SPHs (Fig. 5 ). Using superporous poly(ethylene glycol) diacrylate (PEGDA) hydrogel scaffolds, NIH-3T3 fibroblast cells were encapsulated into superporous PEGDA hydrogels, instead of seeding cells directly onto prefabricated FIG. 5. Schematic illustration of cell culture for nonporous hydrogels (NPHs) and superporous hydrogels (SPHs). Cell seeding onto NPHs will result in cells proliferating on the surface, while cell encapsulation entraps cells within the scaffold. For SPHs, cells will proliferate between the pores when they are seeded onto the scaffolds, or entrapped in the interior during the encapsulation process. Color images available online at www.liebertpub.com/teb SPH scaffolds. 42 These fibroblasts were also encapsulated in NPHs and it was observed that the decrease in number of viable cells was two-folds higher than in SPHs. The main advantages of cell encapsulation are the ability to provide immunoshielding for cells and the possibility of fabricating injectable forms.
Porosity and Pore Size Measurement Techniques
Various equipment and computer software can be used to measure porosity and pore size of scaffolds. The total porosity is related to the amount of pore space present in the scaffolds. Physical properties such as material or bulk density of the scaffolds can be used to calculate the total porosity. Fluid intrusion methods can also be indirectly used to measure the porosity of scaffolds. Besides using these physical characterization methods, imaging techniques can also be employed for porosity measurements.
Gravimetric method
The total porosity (P) of scaffolds can be determined by gravimetric method using the bulk and true density of the material as shown in Eq. 1 and 2 below.
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where r scaffold = apparent density of the scaffold and r material = density of the material. The volume is calculated by measuring the length, width, and height of the sample. Although this is a simple and fast method, it is a rough estimation of the actual porosity as significant errors can be made while determining the actual volume of the scaffold. 93 However, this method is preferred for materials that cannot withstand the high pressures used in other porosity determination methods, for example, layers of nanofiber mats. 94 
Mercury porosimetry
This method allows the determination of the total pore volume fraction, the average pore diameter, and pore size distribution of 3D materials. 93, 95, 96 Scaffolds are placed in a mercury penetrometer and subsequently infused with mercury under increasing pressures, up to a maximum of 414 MPa (Fig. 6A) . 11 The mercury is forced into the pores of the scaffolds under high pressures. Since mercury is nonwetting, it only fills the pores when the applied pressure is greater than the tension forces of the surface meniscus. Thus pores that are smaller will have higher tension forces due to greater curvature of surface meniscus and they require higher pressure to fill the pore volume with mercury. This technique has been used to analyze the pore characteristics of various scaffold types, for example, hydroxyapatite scaffolds, poly (a-hydroxy acid) foam scaffold, and electrospun poly (e-caprolactone) nano-or micro-fiber scaffolds. 70, 81, [97] [98] [99] [100] Although mercury intrusion is more reliable than others that require manual measurements that might vary based on individuals, it has several drawbacks relating to the high pressures involved. Hence, it should be noted that lower pressures should be used for biomaterials that compress or collapse easily, for example, hydrogels. 101 Moreover, materials with thin cross sections may also be destroyed if they are analyzed at high pressures. 94 Another disadvantage is the toxicity and cost of mercury.
Liquid displacement method
The porosity of scaffolds can also be measured using a displacement liquid that is a not a solvent of the polymers, for example, ethanol, and is capable of penetrating into the pores easily but do not cause size shrinkage or swelling to the material being tested. 102 In brief, the scaffold will be placed in a cylinder with a known volume of the displacement liquid and a series of evacuation-repressurization cycles will be done to force the liquid into the pores (Fig. 6B) . 103 This is also another simple technique that can be carried out easily, but is an indirect way of measuring porosity.
The open porosity can be calculated using the following method (Eq. 3).
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Porosity
where V 1 = known volume of liquid that is used to submerge the scaffold (but not a solvent for the scaffold), V 2 = volume of the liquid and liquid-impregnated scaffold, and V 3 = remaining liquid volume when the liquid-impregnated scaffold is removed.
Scanning electron microscopy analysis
Various computer software such as SemAfore or ImageJ can be used to analyze scanning electron microscopy (SEM) images to measure pore sizes (Fig. 6C ) and porosity. [107] [108] [109] [110] [111] From the SEM images, an estimation of the cross-sectional area, interconnectivity, and wall thickness can also be obtained. 112 However, to obtain accurate measurements, sectioning should be done carefully so as to avoid compression of the scaffold cross section. ImageJ is an image processing program that can be used for various purposes with userwritten plugins, for example, 3D live-cell imaging or radiological image processing. For porosity measurements, ImageJ with jPOR macro has been recently established and used to quantify the total optical porosity of blue-stained thin sections. 113 This technique allows rapid measurement of porosity from thin section images. It is easy to use and does not require specialist training.
Microcomputed tomography imaging
Microcomputed tomography (Micro-CT) imaging can be used to provide precise information on the 3D morphology of scaffolds (Fig. 6D) . During the imaging process, X-rays are used to divide the scaffold into a series of 2D thin sections. The emerging X-rays will be captured by a detector array that calculates the X-ray path and attenuation coefficients. 112 The attenuation coefficient will be correlated to the material density to obtain a 2D map that shows the various material phases within the scaffold. Intricate details can be imaged at high resolutions, but longer time and more data storage space is required. Subsequently, 3D modeling programs, for example, Velocity, Anatomics, and Mimics are used to create 3D models from the individual 2D maps obtained earlier.
Image thresholding should also be executed before 3D
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LOH AND CHOONG modeling, which would otherwise affect subsequent analysis. This method is noninvasive and does not require any physical sectioning, which enables the scaffold to be reused for other analysis after scanning. 11 Moreover, it also eliminates the use of any toxic chemicals. 112 Micro-CT is also suitable for scaffolds with intricate interior structures. However, this technique is not suitable for scaffolds that contains metals since X-rays will be heavily attenuated by them, which results in bright and dark grainy scan images that causes loss of important details. 112 CAD models CAD models can be used to design 3D scaffolds of designated structure, pore size, and porosity. 114 It is one of the commonly used technologies in the aspect of ComputerAided Tissue Engineering, where 3D visualization and simulation are enabled for the manufacturing of 3D complex tissue models. 115 Rapid prototyping techniques such as 3D printing, stereolithography, and fused deposition modeling utilizes CAD models to reproducibly fabricate very precise 
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structures or biological tissue replicas. 61 For CAD models, porosity is calculated from Eq. 4.
where V solid = volume of solid and V total = total volume of scaffold.
Permeability-based method
Scaffold permeability has been used to determine the pore size and fiber diameter of electrospun fibrinogen scaffolds. 117 Using this method, Carr et al. used a flowmeter to pass a fluid through an electrospun scaffold to calculate the scaffold's pore properties. 118, 119 The amount of fluid that passes through the scaffold area over time is determined. Using this flowmeter designed by Sell et al., the permeability (T) was calculated using the equations shown in Eq. 5 and 6.
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where p = applied head pressure (Pa), r = density of water, g = gravitational force, h = total height of the system (1.5 m), Q = volume of fluid that passed through the scaffold over a period of time (t), g = viscosity of the fluid, h s = thickness of scaffold, and F = cross-sectional area of the scaffold perpendicular to fluid flow. After obtaining the scaffold permeability values, the pore radius (r) of the scaffold can be calculated according to Eq. 7.
Capillary flow porometry This is a nondestructive method that can be used to measure the pore size and distribution of scaffolds. In this technique, a nonreacting gas is used to flow through the scaffold. 120 This method can be used on either a dry scaffold or a wet scaffold that is hydrated using a liquid with known surface tension. The change in flow rate is then calculated using the difference in pressure for the dry and wet processes. This technique utilizes low pressure during the process, thus it is suitable for measuring the porous structure of nanofiber membranes. The pore size (D) can be calculated with a software (Porous Media, Inc.) using Eq. 8.
where Y = surface tension of liquid, y = contact angle of liquid, and Dp = difference in pressure.
Gradient Porosity
Tissue engineering scaffolds should ideally exhibit similar structural complexity as the native tissue to satisfy the intended biological function. Natural porous materials, including tissues, typically have a gradient porous structure (GPS), in which porosity is not uniform. Rather, it is distributed in such a manner so as to maximize the overall performance of the structure. 123 Gradient porosity is observed in bone tissues and this optimizes the material's response to external loading. 15 Gradient porosity is also observed in tissues such as the skin, where the pore size increases with distance away from the skin surface. Gradient porosity also enables specific cell migration during tissue regeneration, and is also required for the treatment of articular cartilage defects in osteochondral tissue engineering. In general, macropores are essential to provide space for vascularization and tissue ingrowth, since gas diffusion, nutrient supply, and waste removal is facilitated. However, a denser structure will improve the mechanical properties of scaffolds and enable better cell attachment and intracellular signaling. 124, 125 Gradient porosity also enables specific cell migration during tissue regeneration, and is also required for the treatment of articular cartilage defects in osteochondral tissue engineering. 125, 126 Hence, a fine balance between adequate porosity and mechanical stability is required. This will be discussed in more detail in the ''Mechanical property'' section of this review.
As a potential application in bone tissue engineering, 45S5 Bioglass Ò -derived glass-ceramic scaffolds with graded pore sizes and different shapes have been produced by foam replication technique, where preformed polyurethane (PU) foams have been used as sacrificial templates. 125 These PU foam templates with tailored gradient porosity were compressed using aluminium molds. Hydroxyapatite/tricalcium phosphate (HA/TCP) ceramic scaffolds with gradient porosity were also fabricated using a room temperature camphene-based freeze-casting method as a potential bone graft substitute. 127 Calcium phosphate-based ceramics, for example, HA have excellent biocompatibility, bioactivity, and osteoconductivity, thus enabling them to be suitable materials for bone tissue engineering applications. Freeze casting allows the fabrication of graded scaffolds with better mechanical properties than foam replication techniques as the latter generally generates defects during the pyrolysis of the polymer foam template, which results in scaffolds with poorer mechanical properties. 128 In the freeze casting process, ceramic slurry that is usually aqueous based, is frozen in a mould at low temperatures, then demoulded, and subsequently sublimated for vehicle removal so as to obtain a green body. 129 This freeze casting method showed potential in generating defect-free scaffolds with controlled porosity and pore sizes, and having appropriate compressive properties for tissue engineering applications. 127 Cylindrical polycaprolactone (PCL) scaffolds with gradually increasing pore sizes along the longitudinal direction were also successfully fabricated using a novel centrifugation method developed by Oh et al. 130 These scaffolds with pore size gradient were formed by adding fibril-like PCL into a cylindrical mold that was subjected to centrifugation and subsequently heat-treated to enable fibril bonding. The gradual increment of the centrifugal force along the cylindrical axis causes the formation of a pore size gradient. The centrifugal speed can also be adjusted to control the pore size range of the scaffolds. These scaffolds with gradient pore sizes are good tools that can be used for the systemic study of cellular or tissue interaction with scaffolds.
LOH AND CHOONG Effect of Porosity and Pore Size on Cell Behavior and Mechanical Property
Cell proliferation and differentiation
Cell behavior is directly affected by the scaffold architecture since the extracellular matrix (ECM) provides cues that influence the specific integrin-ligand interactions between cells and the surrounding (Fig. 7) . 131 Hence, the 3D scaffold environment can influence cell proliferation or direct cell differentiation. Ma et al. fabricated 3D polyethylene terephthalate (PET) nonwoven fibrous matrix and modified the pore size and porosity by using thermal compression. 132 Two types of matrices were studied, namely low porosity (LP) and high porosity (HP). The LP matrices had a porosity of 0.849 and an average pore size of 30 mm, while HP matrices had a porosity of 0.896 and an average pore size of 39 mm. When trophoblast ED 27 cells were cultured on these matrices, the initial cell proliferation rate in the LP matrix was observed to be higher than those in the HP matrix. In addition, cells cultured in the LP matrix were able to spread across adjacent fibers more easily, which led to higher cell proliferation rate. However, the smaller pore sizes of LP matrices limited the formation of large cell aggregates and reduced cell differentiation. Conversely, cells cultured in HP matrices had a higher degree of cell differentiation and aggregation. Besides the trophoblast cells, Takahashi and Tabata also demonstrated the effect of 3D nonwoven matrix fabricated using PET fibers on the proliferation and osteogenic differentiation of rat mesenchymal stem cells (MSCs). 133 Thinner PET fibers resulted in lower cell attachment and caused MSCs to have spherical morphologies due to their smaller diameters. Matrices with bigger PET fiber diameters (i.e., greater than 12 mm) and higher porosity (i.e., approximately 96.7%) enhanced cell proliferation rate, which might be due to facilitated transport of nutrients and oxygen in vitro. Thus cellular behavior can be affected by the material properties (e.g., porosity, pore size, interconnectivity, and diameter of fibres) of these 3D nonwoven matrices fabricated from fibers.
The effect of 3D silk fibroin scaffolds on cell proliferation and migration of human foreskin fibroblast showed that pore sizes of 200 to 250 mm and porosity of approximately 86% enabled better cell proliferation. 134 However, cell proliferation of these scaffolds with smaller pore sizes of 100 to 150 mm can be improved by having higher porosity of approximately 91%. Hence, by altering the pore size, porosity, or both parameters, the cell viability and proliferation can be enhanced. [134] [135] [136] [137] Besides affecting the cell proliferation capability, it has been shown that the amount of ECM produced, that is, the amount of glycosaminoglycan (GAG) secretion and the expression of collagen gene markers is also affected by the pore size of scaffolds. 138 The study by Lien et al. demonstrated that chondrocytes showed preferential proliferation and ECM production for scaffolds with pore sizes between 250 and 500 mm. 138 This pore size range was observed to be capable of maintaining the phenotype of cells, while pores ranging from 50 to 200 mm resulted in cell dedifferentiation. 138 In another study, synthetic human elastin (SHE) scaffolds with an average porosity of 34.4% and mean pore size of 11 mm enabled infiltration of dermal fibroblasts, while a lower average porosity of 14.5% and mean pore size of 8 mm only promoted cell proliferation across the scaffold surface. 139 The fibroblasts cultured in these SHE scaffolds with higher porosity and larger mean pore sizes also deposited fibronectin and collagen type I over the period of cell   FIG. 7 . Effect of (A) pore size and (B) matrix stiffness on MSC behavior. Actin cyoskeleton and nucleus of MSCs were stained with rhodamine-phalloidin (red) and DAPI (blue). MSCs were observed to be flattened and grow on the wall of the scaffold with large pores ( > 100 mm). For collagen-glycosaminoglycan scaffold (red) scaffolds with small pores ( < 50 mm), cells may attach in three-dimensions and differentiate (green nuclei) due to smaller forces present (smaller arrows). When cultured on microenvironments with elasticity of elasticity of 0.1, 11, and 34 kPa, MSCs showed to become neuron-like, myocyte-like, and osteoblasts-like respectively. Images adapted and reproduced by permission of Elsevier. 147 Color images available online at www.liebertpub.com/teb culture. 139 Thus, the role of porosity and interconnectivity in scaffolds is also to facilitate cell migration within the porous structure such that cell growth is enabled while overcrowding is avoided.
For bone tissue engineering, the optimal pore size for osteoblast activity in tissue engineered scaffolds is still controversial as there have been conflicting reports. 140 In general, scaffolds with pore sizes of about 20 to 1500 mm have been used. [140] [141] [142] [143] Akay et al. studied the behavior of osteoblasts in PolyHIPE polymer (PHP), a type of highly porous polymeric foam. 144 The osteoblasts were shown to populate more in smaller pores (40 mm) when they were grown in scaffolds with different pore sizes, but larger pore sizes (100 mm) facilitated cell migration. However, the different pore sizes did not have any effect on extent of mineralization or cell penetration depth. 144 Collagen-GAG (CG) scaffolds were also studied to determine its optimal pore size for bone tissue engineering purposes and the effect of pore size on a preosteoblastic cell line, MC3T3-E1. 140 From the results, optimal cell proliferation and infiltration was found in CG scaffolds with mean pore sizes greater than 300 mm. In addition, the ability of larger pores to facilitate cell infiltration was shown to override the beneficial effect of greater initial cell attachment surface areas provided by smaller pores. Hence, this study supported previous reports that suggested the importance of having pore sizes greater than 300 mm for osteogenesis to occur. 145 However, it should be noted that cell differentiation is also dependent on the cell type, scaffold material, and fabrication conditions. 146 
Angiogenesis
Angiogenesis is the growth of new blood vessels from existing vasculature, which is essential to supply oxygen and nutrients to developing tissues, and to facilitate wound healing. 148 Scaffolds were seeded with stem cells and/or endothelial cells or incorporated with angiogenic factors to promote angiogenesis. [148] [149] [150] [151] The minimum porosity necessary for the regeneration of a blood vessel is approximately 30 to 40 mm to enable the exchange of metabolic components and to facilitate endothelial cell entrance. 152, 153 Artel et al. showed that larger pore sizes of approximately 160 to 270 mm facilitated angiogenesis throughout scaffold by using multilayered agent-based model simulation. 154 This model was used to investigate the relationship between angiogenesis and scaffold properties. The materials were assumed to be slowly degrading or nondegradable, such that the pore sizes remained constant. It has also been demonstrated that vascularization of constructs necessitates pores greater than 300 mm. 145, 155 The range of pore size suitable for the different types of cellular activities is summarized in Table 1 .
Mechanical property
Besides affecting the cell behavior and differentiation potential, the porosity and pore sizes of the scaffolds also have an effect on the mechanical properties. Although higher porosity and pore sizes may facilitate nutrient and oxygen delivery or enable more cell ingrowth, the mechanical properties of the scaffolds will be compromised due to the large amount of void volume. 11 Hence, there is a limit to the amount of porosity or pore sizes that could be incorporated into a scaffold without compromising its mechanical properties to a great extent. In general, scaffolds should have sufficient mechanical strength to maintain integrity until new tissue regeneration. There should also be sufficient space for cells to proliferate and to enable the transport of nutrients and removal of wastes. 20, 21 Moreover, it is important that the material property of the scaffolds matches the native tissue in vivo, for example, scaffolds fabricated for bone tissue engineering should have comparable strength to the native bone tissue to withstand physiological loadings and to prevent stress shielding from occurring. 20 Although the mechanical property of scaffolds is compromised with higher porosity or pore sizes, the use of materials with high inherent mechanical strength might be a solution to this issue. 134 Nature's Own Scaffold: The ECM In native tissues, the ECM is a heterogeneous component of functional proteins, proteoglycans, and signaling molecules arranged in a specific 3D manner enriched with cellular components and a variety of growth factors, cytokines, ions, and water to provide structural support to cells. [171] [172] [173] The ECM is an important component in growth and wound healing, and from recent studies it has been shown to be a vital factor in cell signaling. [174] [175] [176] [177] Newly formed ECM is secreted by exocytosis after the components are produced by the resident cells. It has now been shown that the ECM is capable of directing cell behavior such as proliferation, differentiation, and migration via biomechanical interactions and mechanical cues. 69 Hence, the ECM is nature's own multifunctional scaffold that not only imparts structural integrity to the tissues, but also modulates a wide range of cellular behaviors. 178 Reviews on the role of ECM properties and mechanism of cell-ECM interactions on cell adhesion, migration, and matrix assembly have been covered by several groups. [179] [180] [181] The ultimate aim of tissue scaffolding strategies is to mimic the actual 3D microenvironment that is the ECM. As with all scaffolds, it is important to consider the pore structure of the native ECM of the tissue that is to be replaced or reconstructed. Different tissues have their own unique ECM composition and structure. 182 In general, the ECM is a porous mesh network of proteins and GAGs that can be altered by cross-linking and enhancing the barrier function of the matrix. 183 Cross-linking of the ECM is associated with local crosslinking of collagen and elastin by lysyl oxidase. [184] [185] [186] The increase in cross-linking also inevitably results in a reduction of the matrix porosity. Collagenases can increase the matrix porosity by disrupting the ECM network through uncoiling the triple-helical structure of collagen and exposing sites for proteolysis to occur. ECM degradation, which is associated with matrix metalloproteinases (MMPs), also leads to an increase in porosity. 187, 188 Normally, remodeling of the ECM is dependent on the balance between MMPs and tissue inhibitors of metalloproteinases. Remodeling of the ECM is essential to promote normal physiological processes such as development, wound repair, and morphogenesis. 174, 187 In fact, changes in ECM structure and composition is also an indication of tissue health and disease progression. 189, 190 Some groups have attempted to incorporate biological cues such as MMPs and vascular endothelial growth factor to facilitate ECM degradation, cell proliferation, angiogenesis, or regeneration. [191] [192] [193] Amino acid sequence-Arg-Gly-Asp-(RGD)
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peptide can also be attached to scaffolds to enhance cell attachment or mineralization. [194] [195] [196] [197] Besides these biological factors, another approach taken to mimic the ECM properties is to directly conjugate ECM molecules to the scaffolds during fabrication or to use decellularized tissues as ECM scaffolds. [198] [199] [200] [201] The ECM can be obtained from decellularized tissues and organs, for example, nerve, liver, and respiratory tract. [202] [203] [204] [205] The advantage of incorporating ECM into the scaffolds is to improve tissue specificity and to facilitate maintenance of cell functions and phenotype. 205 On the whole, all these different approaches intend to create a 3D microenvironment that behaves like the actual tissue ECM to be successfully used in various tissue engineering applications.
Tunable Scaffolds
Most conventional methods used to fabricate porous scaffolds typically do not allow the porosity or pore size to be tuned once the scaffold is created. In this situation, the use of scaffolds that do not degrade fast enough results in restricted cell migration and proliferation, and nutrient and oxygen deficiencies within the developing tissue. On the other hand, a scaffold that degrades too fast can compromise mechanical and structural integrity of the implant before the tissue is sufficiently well developed. In both cases, tissue regeneration is inhibited due to a mismatch between the rates of tissue growth and scaffold degeneration. The engineering of a ''smart'' tunable scaffold system that can accommodate widely different regeneration rates of different tissues due to individual differences in age, dietary intake, healing rates, and lifestyle-related factors is thus highly crucial yet challenging. Such scaffolds with postfabrication tunability are essential so as to provide a suitable microenvironment for these dynamic changes, for example, migration and differentiation. 206, 207 Amongst limited literature, the use of photostimulus seems to be popular for on-demand triggered functionalities and tunability in scaffolds. Works reported by Kloxin et al. have demonstrated the synthesis of photodegradable macromers and their subsequent polymerization to form hydrogels whose physical, chemical, and biological properties BMCs, bone marrow cells; ASCs, adipose-derived stem cells; hMSCs, human mesenchymal stem cells; BMSCs, bone marrow stem cells; PEG, poly(ethylene glycol); PCL, polycaprolactone; PET, polyethylene terephthalate; CG, Collagen-glycosaminoglycan; PHP, PolyHIPE polymer; cPLGA-GCH, collagen-coated poly-lactide-co-glycolide-gelatin/chondroitin/hyaluronate; BMP, bone morphogenetic protein; RBMSCs, rat bone marrow stromal cells.
can be tuned in situ and in the presence of cells by ultraviolet, visible, or two-photon irradiation. 208, 209 These macromers are cytocompatible and allows remote manipulation of gel properties in situ. Postgelation control of the gel properties was demonstrated to introduce temporal changes, creation of arbitrarily shaped features, and on-demand pendant functionality release, which allows cell migration and chondrogenic differentiation of encapsulated stem cells in vitro. These photodegradable gels can be used for culturing cells in three dimensions and allowing real-time, externally triggered manipulation of the cell microenvironment to examine its dynamic effect on cell function. However, one disadvantage of this system is the longer degradation time with 365 nm light that may affect cell viability. 208, 210 Various studies on reversible hydrogel fabrication by dimerization of nitrocinnamate have also been tested, but the disadvantage of this system is the requirement of irradiation light in the cytotoxic range (254 nm). 211, 212 In another attempt to improve this system, Griffin and Kasko incorporated the photodegradable o-NB linker to various PEG-based macromers such that they can photolyze over a broad range of rates. 212 These hydrogels have been used to encapsulate human MSCs (hMSCs) and the biased release of one stem cell population (green-fluoroescent protein expressing hMSCs) over another (red-fluorescent protein expressing hMSCs) by exploiting the differences in reactivity of two different o-NB linkers was demonstrated.
Conclusion
Porous 3D scaffolds are commonly used in tissue engineering applications and can be fabricated from various conventional and rapid prototyping techniques, depending on the type of materials used or type of pore structures needed. These scaffolds serve to provide suitable microenvironments to support cell growth and function. The structural properties of the scaffolds, for example, porosity and pore size have direct implications on their functionality both in vitro and in vivo. Generally, interconnected porous scaffold networks that enable the transport of nutrients, removal of wastes, and facilitate proliferation and migration of cells are essential. The porosity and pore size influences cell behavior and determine the final mechanical property of the scaffold. Various techniques, equipments, or computer software have also been developed and used for pore size and porosity measurements.
The purpose of fabricating scaffolds is to produce tissuelike materials such that they can eventually perform like the native tissues. Currently, the idea of scaffold fabrication is based on creating materials with optimum pore size, structure, and porosity for various applications. Generally, scaffolds are first created and cells are subsequently cultured on these scaffolds. As such, there are some existing limitations to this current approach. These prefabricated scaffolds have certain material property that may or may not be suitable to support normal cell growth or differentiation. Incompatibility of the scaffold with the cellular application will eventually lead to the failure of the entire tissue-engineered scaffolding system. Hence, an in-depth analysis is necessary to evaluate the exact porosity and pore size that is optimal for each scaffold system such that they complement the intended type of tissue engineering application. Also, to mimic the actual situation where the ECM undergoes continuous remodeling or healing processes, scaffolds with postfabrication tunability are essential so as to provide a suitable microenvironment for these dynamic changes.
This review provides a general overview that facilitates the understanding of porous scaffold fabrication and pore size and porosity measurement techniques. In addition, the effect of porosity and pore size on cellular behavior and mechanical property of scaffolds was also covered to illustrate the whole concept of the importance of the role of porosity and pore size in tissue engineering applications.
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